5Ј of the 23-1 oligo(A) tail and is given as a negative number; the in the site of joining and in the length of the (A)n junction; e.g., one distance measured 5Ј to 3Ј in element 23-2 begins with the first joined to nt 395 with (A)4 and another joined to nt 428 with (A)1. nucleotide after the upstream oligo(A) tail and is given as a positive Chromosomes in this study acquired 3-12 kb of new DNA, but distal number. The largest construct was taken from the junction of eleregions were not analyzed.) This figure shows what we suppose was ments 23-1 and 23-2 and contained bp Ϫ590 to ϩ646. Cells the initial step in the second transposition on each chromosome, a transfected with this construct were included in every experiment, complete repeat of HeT-A attached to the truncated element already and all measurements are given relative to the activity of this large on the chromosome. The question mark at the 5Ј end of the new construct in the same experiment (see Table 1 ). element represents important questions about HeT-A: What happens at the very end? How is the second strand of HeT-A DNA initiated, since reverse transcription of the first strand is primed off al., 1994b) and therefore are a biologically relevant test the end of the chromosome? For an example of an array of complete system for this study. The gene used as the reporter in our experiments was the Escherichia coli lacZ gene in the plasmid pCaSpeR-AUG-␤-gal (Thummel et al., 1988) . 5Ј noncoding sequence is involved in a nucleoprotein
The donor for the putative promoter regions was the structure with a specific function, such as a role in the 23Zn clone, a clone derived from a normal telomere in initiation of HeT-A transcription. Surprisingly, our studthe Oregon R stock. The sequence comes from an array ies have shown that this 5Ј region of HeT-A has little if of three HeT-A elements. The elements on either end any role in transcription. Instead, HeT-A promoter sewere truncated by the cloning sites. All three elements quences are located in the 3Ј end of each element and represent potentially active HeT-A retrotransposons bethus drive transcription of the adjacent element, rather cause they are very similar to sequences of recently than the element containing the promoter. HeT-A is the transposed elements (Pardue et al., 1996b) . first non-LTR element found to have a promoter requirHeT-A sequences to be tested for promoter activity ing collaboration of two elements. There are similarities were cloned in a polylinker site upstream of a translation between this promoter and promoters of other retroeleinitiator codon linked in frame to the bacterial lacZ codments that suggest that the HeT-A promoter may give ing sequence (Thummel et al., 1988) . In initial experiinsight into the path of evolution of promoters used by ments, expression of the lacZ reporter gene from each LTR retrotransposons and retroviruses.
construct was detected by activity with X-Gal as a substrate (Thummel et al., 1988) . For more careful quantitaResults tion, the ␤-galactosidase (␤-gal) activity was measured with o-nitrophenyl-␤-D-galactopyranoside (ONPG) as a HeT-A Promoter Sequences Are Found substrate (Miller 1974) . Our first experiments showed in the 3 End of the Element that the 5Ј nontranslated sequences of HeT-A had little, We have studied the promoter activity of HeT-A seif any, promoter activity. Both of the 5Ј nontranslated quences by using reporter constructs transiently transregions in the 23Zn clone were tested, a 730 bp fragfected into cultured Drosophila cells (Schneider line 2).
ment from element 23-1 as well as a 646 bp fragment from element 23-2 (Figure 2) . When assayed by X-Gal Schneider cells contain HeT-A RNA (Danilevskaya et half of the activity of the longest construct (590 bp of the 3Ј end). Constructs containing only the most 3Ј 133, 191, or 208 bp had approximately one third the activity of the longest construct. A third conclusion is that nuclestaining, neither of these two constructs showed prootides at the 5Ј end of the longest construct (those from moter activity. In later experiments, using a more sensibp Ϫ590 to -320) are inactive unless combined with tive assay with ONPG as substrate, we detected a minisequences from the more 3Ј region. In that combination mal activity, approximately 10% of that given by the they significantly enhance the promoter activity. As dismost active HeT-A construct (Table 1) .
cussed below, the requirement for the 3Ј-most seSince HeT-A did not appear to have an internal proquences (those deleted in the bp Ϫ590 to Ϫ320 conmoter, we considered the possibility that the promoter struct) can be explained because these sequences was external. HeT-A elements occur in tandem headcontain the site of transcript initiation. to-tail arrays. In such arrays the 3Ј sequence of one element forms the upstream sequences of the adjacent element. To test the possibility that the promoter was The Question of HeT-A Promoters Adjacent to Inappropriate or Decayed Sequences in the 3Ј end of the upstream element, we added 590 bp of the 3Ј end of element 23-1 to the 646 bp of the Some of the HeT-A elements in the genome are adjacent to partial or decayed elements or to nonrelated se-5Ј sequence of 23-2 in the reporter construct (Figure 2 ). This new construct gave strong X-Gal staining, quences. Are there mechanisms to prevent expression of inappropriate sequences from HeT-A promoters in indicating that the addition of the 3Ј sequences had created an active promoter for HeT-A.
those positions? We have begun to investigate this question by studying sequences from clone T-A. This To characterize the putative promoter region more precisely, we constructed a set of deletion derivatives clone appears to come from a part of the telomere where sequence has decayed and rearranged (Valgeirsdottir of the most active construct (bp Ϫ590 to ϩ646). Results of transfection experiments with these constructs (Figet al., 1990; Danilevskaya et al., 1994b) . T-A contains one complete and three partial elements, but the coding ure 2 and Table 1 ) allow several conclusions. First, the promoter activity is contained almost entirely within the region of the complete element, T-A1, is defective. The other elements in T-A consist only of fragments of 3Ј region of the upstream element. (Compare the bp Ϫ590 to ϩ646 construct with the bp Ϫ590 to Ϫ1 conthe 3Ј noncoding region. To examine the activity of a promoter from a decayed region, we used the 5Ј nonstruct in Table 1 .) As mentioned above, the more sensitive ONPG detection shows that the 5Ј untranslated retranslated region of the complete element, T-A1, plus the 3Ј end of the upstream partial element, T-A2, to gion may have a small amount of activity on its own (bp ϩ1 to ϩ646). When combined with 3Ј sequences, the construct a promoter (T-A bp Ϫ570 to ϩ698) with sequence very similar to that of the most active of our 5Ј sequence may also add to the activity of the whole. (Again, compare the bp Ϫ590 to ϩ646 construct with promoter constructs from the 23Zn clone (23Zn bp Ϫ590 to ϩ646). This T-A construct was tested in paralthe bp Ϫ590 to Ϫ1 construct.) However, either by itself or in combination with the 3Ј region, the contribution of lel with the 23Zn construct and, despite the superficial similarity of the two constructs, the T-A construct prothe 5Ј region was 10% or less of the activity seen with the most active promoter. The oligo(A) tails between duced no ␤-gal activity (Figure 3) .
When compared to the sequence in the 23Zn clone, the T-A clone showed scattered nucleotide changes in both the 3Ј region, bp Ϫ570 to Ϫ1, and in the 5Ј region, bp ϩ1 to ϩ660. In contrast to the promoters from the 23Zn clone, sequences in the 5Ј region of T-A1 played a large role in inhibiting expression from its promoter (Figure 3 ). Changes in this 5Ј region had produced a new initiation codon, ATG, creating a five-codon open reading frame preceding the reporter gene; ATG codons have not been seen in the upstream nontranslated region of active HeT-A elements. When the small open reading frame was deleted by removing bp ϩ141 to ϩ698 from the inactive T-A construct, the new construct (bp Ϫ570 to ϩ140) gave 65% of the activity obtained with the most active construct from 23Zn. Because the bp Ϫ570 to ϩ140 region of T-A is equivalent to regions of the 23Zn elements that gave essentially full activity, we conclude that sequence changes in this region have partially inhibited the T-A promoter. The remainder of the inhibition is due to changes in the 5Ј end of the decayed element, possibly the new initiation to the 3Ј sequence of the element that is transcribed. characterization of the transcription products of the HeT-A constructs (Figure 4 ). Transcript lengths increase as expected from the lengths in the 5Ј HeT-A sequence added to each construct, consistent with the expectaof the E. coli lacZ gene was used to analyze RNA from cells transformed with the bp Ϫ590 to ϩ1 construct. tion that transcription is starting at the same site within each of these promoter constructs. The gels used for
The primer used for RNA from the bp Ϫ590 to ϩ646 construct was complementary to sequences bp ϩ80 to this fractionation have limited size resolution but, within these limits, measurements suggested that the tran-ϩ98 in the 5Ј noncoding region of HeT-A. Extension of these two primers identifed the 5Ј sequences of transcripts are initiated within the upstream element.
For a more precise determination of the site of transcripts initiated by the two HeT-A promoter constructs ( Figure 5 ). These experiments showed that for both conscript initiation, we performed primer extension analysis on RNA from two of the constructs. One construct had structs, the 5Ј ends of the transcripts extended to nt Ϫ31 and Ϫ62 in the 3Ј end of the upstream HeT-A eleonly the sequence from the 3Ј region of the upstream element (bp Ϫ590 to Ϫ1). The second construct had ment. Thus, both of the most active promoters have two transcript initiation sites, at nt Ϫ31 and Ϫ62. The primer the 3Ј upstream region and also the 5Ј region of the downstream element (bp Ϫ590 to ϩ646). The results used for the bp Ϫ590 to ϩ646 construct is also complementary to sequence in endogenous HeT-A RNA. From showed that identical start sites were used for both constructs and that these start sites were in the 3Ј end endogenous RNA this primer produced an extension product that appears to be about 5 nt longer than the of the upstream element.
A primer complementary to sequence in the 5Ј region one produced from the transfected construct ( Figure Figure 5 . Results of Primer Extension Analyses of RNA from HeT-A Constructs (a) The primer for these experiments was complementary to the 5Ј noncoding sequence of HeT-A. It detected RNAs initiated at nt Ϫ31 and Ϫ62 in the 3Ј end of the upstream HeT-A in total RNA from cells transfected with the bp Ϫ590 to ϩ646 construct (lane 1, RNAs indicated by arrowheads). The sequencing lanes (A, G, C, and T) show the sequence generated from the bp Ϫ590 to ϩ646 construct with the primer used for the RNA in lanes 1 and 2. This sequence gives a precise assay for the start site of RNA transcribed from this construct. This primer also extends an RNA that appears to be 5 nt longer than the transcript beginning at nt Ϫ62. This RNA is from endogenous HeT-A elements and is also found in nontransfected . Shown are nt Ϫ69 to Ϫ1 from the construct directing transcription in the transformed cells (the bp Ϫ590 to Ϫ1 construct). The two transcription start sites at nt Ϫ62 and Ϫ31 in the sequence of the upstream element are indicated. Ϫ1 denotes the last nucleotide in the sequence of the upstream element. This is followed by 101 nt of the plasmid running from the polylinker insertion site for HeT-A into the lacZ sequence. The last 16 nt of the sequence shown are complementary to the primer used for extension on the RNA. The primer sequence is shown in bold.
5a). Thus the endogenous RNA is also initiated within
There is an additional observation supporting the conclusion that all transcripts start within the upstream elethe 3Ј end of the upstream element. Although the endogenous RNA appears to be slightly longer than the prodment. Of the genomic clones that have been analyzed, only three span junctions between 5Ј ends of complete uct of the transfected construct, we believe that it also initiates at the nt Ϫ62 site. (Because of differences in the elements and 3Ј ends of their upstream elements Danilevskaya et al., 1994a) . In lengths of oligo(A) separating HeT-A elements, primer extension products from RNA transcribed from different each case there is a very short 3Ј end (Ͻ62 nt) between the consensus 5Ј end of one element and the 3Ј end of HeT-A elements will differ slightly in length. We do not know the exact sequence from which the endogenous the next large upstream element ( Figure 6 ). In Figure 2 , these tiny partial elements are represented by the sec-RNA is transcribed and therefore cannot determine the nucleotide start site precisely.) We conclude that the 3Ј ond arrowhead at the junctions. We had thought that these tiny elements were the result of abortive transposiHeT-A sequences not only serve as promoter; they also contain the sites of transcript initiation, producing RNAs tions and wondered why they were found so consistently in front of complete elements. Their presence is much with terminal redundancy. This finding reveals another point of similarity to the LTRs of retroviruses and LTR easier to understand if they actually represent the 5Ј end of the transposing RNA and have lost a few nucleotides retrotransposons.
at the 5Ј end will be regained. For retroviruses and LTR retrotransposons, the 5Ј LTR will be regenerated when the RNA is reverse transcribed before the element is inserted into the chromosome. Reverse transcriptase uses the terminally redundant sequence to switch from the 5Ј to the 3Ј end where it copies the missing 5Ј sequence from the 3Ј LTR. For HeT-A the missing se- Figure 6 . Sequences of Very Truncated Elements at 5Ј Ends of Comquence will be regained, after the RNA has been reverse plete Elements transcribed and inserted onto the chromosome, when Each truncated element is believed actually to represent the 5Ј terminal redundancy of the RNA reverse transcribed to give the a second element is transposed distally. element just 3Ј of it. That RNA would have initiated at nt Ϫ62 or Ϫ31, and therefore, in each case, the reverse transcript has lost some nucleotides, either during reverse transcription or while this Figure 2 ) and the one in the T-A clone. For each, the 3Ј oligo(A) tail is shown at right (Muller, 1938) . Polytene chromosome studies also al- heterochromatic regions.
Heterochromatin contains few genes with activities that have been recognized in conventional studies. It is either during reverse transcription or before the addition therefore often considered to be genetically inactive, of the next element to the chromosome end.
although this picture is being modified (reviewed in Weiler and Wakimoto, 1995) . Transcription of the heteroDiscussion chromatic Drosophila Y chromosome has been known for some time (reviewed in Hennig, 1993) . Several DroHeT-A Promoters Resemble Proto-LTRs sophila genes located in heterochromatic sites have The striking finding of this study is that the non-LTR been studied (Weiler and Wakimoto, 1995) . The facultaretrotransposon, HeT-A, has a promoter resembling that tively heterochromatic mammalian X chromosome is of retroviruses and LTR retrotransposons (Figure 7) . known to be the source of the Xist transcript (Borsani HeT-A transcription is driven by sequences in the 3Ј end et al., 1991; Brockdorff et al., 1991; Brown et al., 1991) . of the element immediately upstream of the element
The HeT-A promoter is the first heterochromatic probeing transcribed. Transcription starts within the upmoter to be characterized in detail at the nucleotide stream element, yielding an RNA that, like transcripts level. When more heterochromatic promoters have been of retroviruses and LTR retrotransposons, has a small characterized, it will be interesting to see whether there terminal redundancy. For each of these elements the are features specific for promoters that function in this terminal redundancy does not include the entire sechromatin environment. We note, however, that the two quence necessary for a 5Ј LTR (or a HeT-A LTR-like transcription start sites identified for HeT-A are those region). The major difference between the HeT-A prothat would be predicted on the basis of data from eumoter and the LTRs of the other types of retroelements is the way in which the complete sequence necessary chromatic promoters (see Experimental Procedures). Two tandem HeT-A elements, using conventions indicated in Figure 1 . The region of the downstream element with maximal promoter activity is outlined by an arrowhead, and the equivalent region of the element that will be transcribed is marked similarly to indicate the formal similarity to an LTR. The start of HeT-A transcription within the upstream element is shown. In the RNA transcript, the black segments on either end indicate terminal redundancy produced because transcription starts in sequence identical to that at the 3Ј end of the element.
Evolutionary Implications of the HeT-A Promoter the dominant elements in telomere arrays. Because the new promoter in the 3Ј end of the upstream element Phylogenetic trees, based on reverse transcriptase sequences, place non-LTR retrotransposons in a branch uses a transcription start site that is also within the upstream element, the RNA products will be terminally separate from that containing LTR retrotransposons and retroviruses (Doolittle et al., 1989; Xiong and Eickbush, redundant. This terminal redundancy could set the stage for further changes, leading eventually to the cyto-1990; McClure, 1991; Eickbush, 1994) . Non-LTR retrotransposons are a diverse group; however, when we plasmic reverse transcription that characterizes LTRcontaining elements. Those changes require, among consider the branch of these elements containing HeT-A, the general organization of the elements is simiother things, the acqusition of cytoplasmic primers for reverse transcription. lar to that of LTR retrotransposons. Typical members of both groups have two genes, gag and pol, in the same In summary, our results show that HeT-A has characteristics expected of an intermediate stage in a plausible order and usually translationally linked by a frameshift or a leaky stop codon. In both cases, gag codes for scenario for the derivation of LTR-containing retroviruses and retrotransposons from non-LTR elements. structural components and pol codes for enzymatic activities necessary for transposition, including reverse
The head-to-tail organization and invarient polar orientation of HeT-A elements on the ends of chromosomes transcriptase, which is found in both groups. It would seem possible to move from one class to the other by argue that this is a non-LTR element that has acquired intermediate characteristics by was stronger than that of the initial promoter so that approximately 3 ϫ 10 6 cells/ml (5 ml/50 ml flask), were transfected by DNA-calcium phosphate coprecipitate (Wigler et al. 1979) . No transcripts driven by the new promoter could become carrier DNA was added. The maximum expression of the constructs (Arkhipova, 1995) and eukaryotic RNA start-site recongnition by the time-delay neural net program available at the Lawrence Berkeley was found when 40-50 g of plasmid DNA per flask was used. Lower and higher amounts of DNA demonstrated reduced ␤-gal National Laboratory Genome Informatics web server (http://wwwhgc.lbl.gov/projects/promoter.html). The predicted sites correactivity. All constructs showed maximum expression in the same range of DNA input.
sponded to those determined experimentally with an accuracy of Ϯ2 bp. ␤-galactosidase activity was measured according to Miller (1974) . Transfected cells were grown 48 hr, collected by centrifugation, and washed twice with PBS (Sambrook et al., 1989) . Cells from each
